Sheath rot is an emerging rice disease that leads to considerable yield losses. The main causal agent is the fungus Sarocladium oryzae. This pathogen is known to produce the toxins cerulenin and helvolic acid, but their role in pathogenicity has not been clearly established. S. oryzea isolates from different rice-producing regions can be grouped into three phylogenetic lineages. When grown in vitro, isolates from these lineages differed in growth rate, colour and in the ability to form sectors. A diverse selection of isolates from Rwanda and Nigeria, representing these lineages, were used to further study their pathogenicity and toxin production. Liquid chromatography high-resolution mass spectrometry analysis was used to measure cerulenin and helvolic acid production in vitro and in planta. The three lineages clearly differed in pathogenicity on the japonica cultivar Kitaake. Isolates from the least pathogenic lineage produced the highest levels of cerulenin in vitro. Helvolic acid production was not correlated with the lineage. Sectorisation was observed in isolates from the two least pathogenic lineages and resulted in a loss of helvolic acid production. In planta, only the production of helvolic acid, but not of cerulenin, correlated strongly with disease severity. The most pathogenic isolates all belonged to one lineage. They were phenotypically stable, shown by the lack of sectorisation, and therefore maintained high helvolic acid production in planta.
Introduction
Rice is the main staple food for more than half of the world's population [1, 2] . More than 500 million tons of milled rice were produced in 2017, of which 30,000 tons were from Africa [3] . Due to population growth, urbanisation and dietary changes, rice consumption in Africa grows at about 5.5% per year (2000-2010 average) [1, 4] . As the demand for rice strongly exceeds the local production, 43% of the rice consumed in Africa is imported, which costs more than USD 1.5 billion per year [5, 6] . There is, however, great potential to increase the rice yield in Africa by improving crop management Based on the partial sequences of the internal transcribed spacer and actin genes, S. oryzae can be divided into three lineages [31] [32] [33] . In this work, we studied these phylogenic groups, based on S. oryzae isolates from Rwanda and Nigeria together with S. oryzae isolates originating from different rice-producing countries worldwide. The morphological and pathogenic variability was studied together with the in vitro and in planta toxin production of these isolates. By studying the production of helvolic acid and cerulenin during the infection process of isolates with a different level of pathogenicity, we aim to elucidate the importance of these toxins in the infection process of the host.
Results

Morphological Characterisation and Growth Rate
Isolates from the three phylogenetic lineages of S. oryzae were grown on potato dextrose agar (PDA) and oatmeal agar (OA) for 15 days to study their morphology and growth rate. The radial growth rate was calculated based on the colony diameter at five time points (Figure 1 ). With an average radial growth rate of 1.1 mm.day −1 , isolates of Group 1 grew, except for CBS120.817 and CBS485.80, significantly slower on PDA than the isolates of Groups 2 and 3. The radial growth rate varied a lot (from 1.3 to 2.5 mm.day −1 ) among the isolates of Group 2, while Group 3 showed a more constant radial growth rate of meanly 1.8 mm.day −1 (Figure 1A ,C). On oatmeal agar (OA) the radial growth rate was more constant than on PDA ( Figure 1A,B ). When grown on OA, all three groups had a mean radial growth rate between 1.9 and 2.0 mm.day −1 ( Figure 1C ). Although the variation among the isolates of one group was higher than this difference of 0.1 mm.day −1 , the variation was still smaller on OA ( Figure 1B) .
As shown in Figure 2 , the colony colour of the S. oryzae isolates, grown on PDA, varied between white, pale salmon and orange. The brightest coloured isolates belonged to Group 1 (RFRG2 and IBNG0013). The colonies grew powdery and were radially folded, pale to dark orange with a white border. Isolates of Group 2 had radially folded (RFNG33) or radially striated (RFBG9) white or pale salmon colonies. The mycelium growth varied from powdery to wet aerial. Colonies of Group 3 were morphologically the most uniform and the most distinct from the other groups. All isolates formed powdery, dark or pale orange colonies on PDA, and some isolates produced a deep yellow diffusible pigment (BDNG0025). Isolates of Groups 1 and 2 showed sectorisation on PDA. For the isolates of Group 3, no sector formation was observed. The sectors differed in their morphological characteristics such as growth rate and colour.
The Group 1 isolate CBS180.74 was used to further study sectorisation. Four different phenotypes were observed on PDA. Being the original and most abundant phenotype, the white phenotype was considered as the parent culture. This white phenotype showed a radially folded, powdery growth with a light salmon-green shade. On PDA, sectors formed in this culture in three different phenotypes. The phenotypes mainly differed in colour (brown, green, orange) and growth rate. Some phenotypes grew more powdery than the parent and all cultures were radially folded ( Figure 2 ). 
Pathogenicity
To evaluate the pathogenicity of S. oryzae, five isolates representing each of the three phylogenic groups were used in pathogenicity experiments. Plants of the japonica cultivar Kitaake were inoculated with all fifteen isolates. The disease development was evaluated at 8 days post-inoculation (DPI) by measuring the lesion area. The variation in virulence among the isolates of one group is high. For example, CBS414.81 caused a mean lesion area of 30 mm 2 , while BDNG0025 caused a mean 
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In Vitro Cerulenin and Helvolic Acid Production
To evaluate the production of cerulenin and helvolic acid by S. oryzae, sixteen isolates belonging to the three phylogenic groups were used in in vitro experiments. For most Group 1 and 3 isolates, cerulenin levels were 10-20-fold higher than helvolic acid levels ( Figure 4A ,B). For Group 1 and 2 isolates, the in vitro production of cerulenin showed a very strong positive correlation with the in vitro production of helvolic acid (respectively, r = 0.699, p < 0.001, n = 54 and r = 0.908, p < 0.001, n = 54). A weak, negative, non-significant correlation was observed for the in vitro production of both toxins by isolates of Group 3 (rs = −0.241, p = 0.246, n = 54).
With a mean cerulenin production of 6922 µg L −1 , Group 1 contained the highest producers. Group 2 contained the lowest producers (on average 97 µg L −1 ) and isolates of Group 3 produced moderate levels of cerulenin (on average 1409 µg L −1 ). Despite the clear difference in the mean cerulenin production of the three phylogenic groups, there was a large variation in production among the isolates of one group. Only two isolates of Group 2, RFNG41 and RFNG33, produced cerulenin 
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Cerulenin and Helvolic Acid Production by Different Phenotypes of CBS180.74
The conservation of the toxin production after sectorisation of CBS180.74 was studied. Therefore, all four phenotypes were grown in a liquid culture of which the extract was analysed by liquid chromatography high-resolution mass spectrometry. The results showed that the production of both cerulenin and helvolic acid was affected by sectorisation. The parent culture (white) produced the highest levels of both toxins ( Figure 5 ). The green phenotype was most affected in its cerulenin production, with a decrease of almost 50%. Compared to the parent culture, all phenotypes showed a very strong decrease in their helvolic acid production with no detection of helvolic acid in the orange culture at all ( Figure 5 ). With a mean cerulenin production of 6922 µg L −1 , Group 1 contained the highest producers. Group 2 contained the lowest producers (on average 97 µg L −1 ) and isolates of Group 3 produced moderate levels of cerulenin (on average 1409 µg L −1 ). Despite the clear difference in the mean cerulenin production of the three phylogenic groups, there was a large variation in production among the isolates of one group. Only two isolates of Group 2, RFNG41 and RFNG33, produced cerulenin while no cerulenin could be detected in the PDA cultures of the other four isolates. Also Group 3 contained isolates producing cerulenin from 117 (BDNG0025) up to 2914 µg L −1 (IBNG0008) ( Figure 4A ). Although there was also a lot of variation in the helvolic acid production of the S. oryzae isolates, the differences among the three groups were smaller than in the cerulenin production. Group 1 isolates were the highest producers of helvolic acid with concentrations around 450 µg L −1 except for the Rwandan isolate RFRG2, which produced no detectable levels of helvolic acid ( Figure 4B ). Helvolic acid levels of Group 2 varied from no detection to 348 µg L −1 . All isolates of Group 3, on the other hand, produced about 300 µg L −1 of helvolic acid ( Figure 4B ).
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A Comparison of the Toxin Production in Vitro and in Planta
Ten S. oryzae isolates representing the three phylogenic groups were used to compare toxin production in vitro and in the host plant. Starting from the same culture on PDA, in vitro cultures for toxin measurements and grain inoculum for rice inoculation were set up. Cerulenin and helvolic acid levels were measured in 7-day-old in vitro cultures and the rice sheath of plants at 6 DPI. At day 7, the high cerulenin-producing isolates IBNG0008, IBNG0009, RFRG2, CBS180.74 and BDNG0005 produced about ten times more cerulenin than helvolic acid on PDA ( Figure 6A,B ). In the rice sheath however, at 6 DPI, the measured concentration of helvolic acid was higher than the cerulenin concentration except for RFRG2, for which no helvolic acid production could be detected in any condition ( Figure 6C,D) .
The in vitro production of cerulenin did not associate with its production in the host ( Figure 7F ). Nevertheless, the high cerulenin producers, such as IBNG0008, IBNG0009, RFRG2, CBS180.74 and BDNG0005, produced in both conditions significantly more cerulenin than the medium producers, BDNG0025 and RFNG41. Additionally, for isolates that did not produce any cerulenin on PDA (RFNG122, RFNG30 and RFBG3), no or very low levels (on average 1 ng/g, RFNG122) of cerulenin could be detected in the rice sheath ( Figure 6A,C) .
The in vitro production of helvolic acid did not correlate with the production in planta although the high in vitro-producing isolates (IBNG0008, IBNG0009, BDNG0025, CBS180.74, RFNG41 and BDNG0005) produced high to moderate amounts in the rice plant ( Figure 7E ). The production profiles of the low producing isolates, RFNG122 and RFBG3, were similar in both conditions and RFRG2 produced no helvolic acid in culture, nor in the rice sheath ( Figure 6A-D) . 
The in vitro production of helvolic acid did not correlate with the production in planta although the high in vitro-producing isolates (IBNG0008, IBNG0009, BDNG0025, CBS180.74, RFNG41 and BDNG0005) produced high to moderate amounts in the rice plant ( Figure 7E ). The production profiles of the low producing isolates, RFNG122 and RFBG3, were similar in both conditions and RFRG2 produced no helvolic acid in culture, nor in the rice sheath ( Figure 6A-D) . Associations between toxin production in vitro, in planta and pathogenicity on rice. S. oryzae isolates were grown for 7 days on PDA. The concentration of cerulenin (µg/L) and helvolic acid (µg/L) in the extract of the culture was measured with liquid chromatography high-resolution mass spectrometry. When 7 weeks old, rice plants were inoculated with the same strains of S. oryzae using the standard grain inoculum technique. At 6 DPI, cerulenin (ng/g) and helvolic acid (ng/g) levels were analysed in sheath samples and the disease was scored by measuring the lesion area (mm 2 ). Scatterplots show the associations between pathogenicity and helvolic acid and cerulenin levels in vitro (A, B) and in planta (C, D) and between the production in vitro and in planta of helvolic acid (E) and cerulenin (F). Isolates of Groups 1, 2 and 3 are represented by, respectively, green, orange and blue dots; significant linear correlations are represented by the linear regression curve in red.
Disease Severity Correlates with In Planta Helvolic Acid Production
In order to correlate toxin levels with the severity of the caused symptoms, disease development was evaluated by measuring the lesion area ( Figure 6E ). In vitro production of cerulenin or helvolic acid was not correlated with pathogenicity ( Figure 7A,B) . Cerulenin levels in the rice sheath did not associate with the lesion area either ( Figure 7D ). The production of helvolic acid in the rice sheath, however, showed a very strong, positive, linear correlation with the disease severity (r = 0.898, p < 0.001, n = 10; Figure 7C ).
Discussion
In this study, S. oryzae isolates from an international collection were used to describe the morphological, toxigenic and pathogenic variations. The population of S. oryzae can be divided into three distinct lineages [31] . Concerning the high level of conservation of housekeeping genes, this distinction suggests that the population of S. oryzae is very diverse. This observation was confirmed by the phenotypic and pathogenic characterisation of the isolates used in this study. Especially when grown on PDA, the isolates belonging to Groups 1 and 2 showed a variable growth rate and colour pattern. Isolates from Group 3 were more uniform in growth rate and colour than isolates from Groups 1 and 2. In addition, isolates from Groups 1 and 2 were less pathogenic than isolates belonging to Group 3.
To investigate these differences in pathogenicity between the lineages and among the isolates of the groups, the production of the phytotoxins cerulenin and helvolic acid in PDA cultures was compared with the production in host tissue. Cerulenin production was highest for Group 1 isolates and Group 2 isolates produced no or very low levels of cerulenin in vitro. Helvolic acid production, on the other hand, was not correlated with the phylogenetic groups. The observed levels of both toxins in culture were in agreement with the levels measured by Ayyadurai et al. (2005) [12] . Up till now, these toxins were thought to be the main pathogenicity factors of S. oryzae [34] . Isolates that produce high amounts of helvolic acid and/or cerulenin in culture were described to cause a higher disease incidence [12, 14] . In this work, however, these observations could not be confirmed since the production of cerulenin or helvolic acid by an isolate in vitro did not correlate with its pathogenicity.
To the best of our knowledge, neither cerulenin nor helvolic acid has previously been measured in the plant. In this work, a new LC-MS/MS method was established to reliably quantify both toxins in the rice sheath. Interestingly, the production of cerulenin and helvolic acid in vitro did not correlate with the production in the rice sheath. Nor did the cerulenin levels in the rice sheath associate with pathogenicity. A strong positive correlation, however, was observed between pathogenicity and in planta helvolic acid levels, with the highest in planta helvolic acid producers all belonging to Group 3. The fact that Group 3 isolates are able to produce high levels of helvolic acid in the rice sheath, and therefore are more virulent than the isolates of the other two groups, could possibly be attributed to a lack of sectorisation. Isolates of Group 3 were phenotypically stable in culture, while most isolates of Groups 1 and 2 formed morphological variants, called sectors. Sectorisation can be the result of genetic changes, such as spontaneous mutations or transposons, of cultural degeneration caused by ageing or stress conditions, epigenetic changes or mycovirus infection [23, 26, 28, 35] . Sectors are often impaired in their ability to produce secondary metabolites [23, 36] . This was confirmed in this study for the Group 1 isolate CBS180.74. Helvolic acid levels were much lower in the liquid cultures of all morphological variants compared to the parent culture. Also, the cerulenin production by the green and orange variants was lower than the production by the parent culture. Due to this decrease in toxin production, unstable isolates are often less virulent [23, 26, 35] . Shah and Butt (2005) [26] describe that more sectors are formed in nutrient-rich medium. As the growth of S. oryzae isolates was more stable on OA medium than on PDA, our study confirms these observations. In PDA, high nutrient levels could cause osmotic stress, leading to sectorisation [37] . In planta, S. oryzae encounters multiple stresses, including oxidative stress [35] . During the invasion of the host, a pathogen is subjected to high levels of reactive oxygen species (ROS) produced by both the pathogen itself and by the host, which leads to phenotypic degradation [38] . The lack of sector formation by isolates of Group 3 could possibly indicate that this lineage is more tolerant to stress.
Another explanation for the observed differences in stability and virulence between Group 3 and the Group 1 and 2 isolates could be a viral infection of the latter. Mycovirus infection is a well-described cause of sectorisation in plant pathogens, leading to hypovirulence [25, 36] . The spread of these mycoviruses occurs mainly through hyphal anastomosis. This process of horizontal gene transmission occurs between vegetative compatible isolates [24, 36, 39] . Since we only observe sectorisation and hypovirulence in the isolates of two groups (Groups 1 and 2), vegetative incompatibility with Group 3 could possibly explain the high virulence and stability of the Group 3 isolates [31, 32] . The difference in toxin production between the in vitro conditions and the rice sheath could also indicate that the isolates of Groups 1 and 2 are indeed infected with a mycovirus [39] . Brusini and Robin (2013) [40] observed that the transmission rate of mycoviruses is higher in the host plant of the pathogenic fungus, leading to more symptoms of the viral infection in planta than in vitro. Both phenotypic degradation and mycovirus infection can lead to a decreased production of the phytotoxins, resulting in lower pathogenicity. In accordance with this hypothesis, we observed a decrease in the relative toxin production of the isolates of Groups 1 and 2 in the host tissue compared to the production on PDA.
Based on these results, we conclude that in planta toxin measurements are more relevant to investigate the role of the phytotoxins in the etiology of sheath rot. As the levels of helvolic acid in infected tissue strongly correlate with the pathogenicity, our data suggest that helvolic acid is an important pathogenicity factor of S. oryzae. We also conclude that not only the competence to produce helvolic acid is an important trait, but also the ability to maintain this production in stressed conditions. S. oryzae is also known for its production of cell wall degrading enzymes [12] . As the production of pathogenicity-related enzymes may be affected during sectorisation, a decrease in this enzyme activity could possibly explain the low levels of pathogenicity of the high helvolic acid-producing isolate BDNG0005, which clusters in Group 1 [26] .
To further investigate this hypothesis, future research should study the presence and transmission of mycoviruses in the different phylogenetic groups of S. oryzae. Also, stress resistance and its relation to pathogenicity and toxin production of the different groups should be studied.
Materials and Methods
Fungal Isolates
In this study, isolates from traditional rice-growing areas in Rwanda (Bugarama, Nyagatare and Rwagitima, and Rugeramigozi) and Nigeria (Ibadan and Badaggi) were used together with isolates from the CBS collection (Table A1) [31, 32, 41] . Pure cultures were stored on PDA (Difco) slants and at −80 • C in 20% glycerol.
Morphological Characterization
To measure growth, isolates were grown on 50% OA (Difco) and PDA plates at 28 • C. During 15 days, colony diameters were measured every 3 days. For each plate, two perpendicular diameters were measured, of which the average was used for the radial growth rate calculations. The growth rate was calculated by performing a linear regression on the average diameter at five different time points. For each isolate, the radial growth rate was measured three times on each medium.
Pathogenicity Assays
Fifteen isolates representing all three groups were selected for pathogenicity tests on rice plants. Isolates from Rwanda (regions Bugarama, Nyagatare and Rwagitima, and Rugeramigozi), Nigeria (regions Ibadan and Badaggi) and the CBS collection were included in the pathogenicity test.
Inoculum was prepared according to the standard grain inoculum technique [42] . Briefly, rice grains were soaked in water for 60 min, excess water was removed, and the grains were autoclaved twice on two different days.
For each 4 g of rice grains, one plug (diameter = 5 mm) from the edge of a 14-day-old fungal colony was added together with 1 mL of sterile distilled water. Every 2 days, the grain inoculum was shaken to prevent the formation of clumps. After 14 days of incubation at 28 • C, the inoculum was fully colonised.
Rice seeds of the japonica cultivar Kitaake were dehulled and surface sterilised in 2% sodium hypochlorite solution for 25 min, rinsed five times in sterile distilled water, and placed in Petri dishes containing sterile moistened filter papers (Whatman, grade 3). After 1 week of incubation at 28 • C, seedlings were sown in perforated plastic trays (22 × 15 × 6 cm) containing sterile potting soil (Structural; Snebbout, Kaprijke, Belgium). Rice seedlings were maintained in a greenhouse (28 • C, 60% relative humidity) and fertilized weekly with 0.2% iron sulphate and 0.1% ammonium sulphate.
One fully colonised grain was introduced in the junction point between the sheath of the second youngest plant leaf and the stem. Inoculation points were covered with moist cotton and wrapped with parafilm to maintain humidity. Plants were incubated under growth chamber conditions (28 • C day/28 • C night, 12/12 light regimen, and 85% relative humidity during the first 24 hrs, 65% relative humidity during day 2-8). The disease development was evaluated 8 days after inoculation by measuring the lesion area (π × (lesion length/2) × (lesion width/2)) on the flag leaf sheath. For each taxonomic group, the experiments included five isolates with distinct morphologic characteristics. Each treatment consisted of three trays containing five plants.
Chemical Analysis
Extraction from PDA
The toxin production in solid medium was measured for all fifteen isolates used in the pathogenicity experiments and the Group 2 isolate, RFNG41. Each isolate was grown in one 6-well plate with each well containing 3 mL of PDA. Five wells were inoculated with one plug of a 2-week-old fungal colony, and one non-inoculated well was used as a control for contamination. After a seven-day incubation period at 28 • C in constant dark, the total content of each well was cut in small pieces and toxins were extracted in an hour with 3 mL of chloroform [12, 43] . Agar and mycelium were removed by filtration using sterile filter paper (Whatmann, grade 3). The collected chloroform phase was reduced to dryness under N 2 at 20 • C in a Turbovap ® LV automated concentration evaporator (Biotage, Uppsala, Sweden). After reconstituting the extract with methanol/water (20:80 v/v) containing 0.1% formic acid, samples were ready for instrumental analysis.
Extraction from Liquid Culture
For the extraction from a liquid culture, S. oryzae isolates were grown for 7 days at 28 • C in total dark in still liquid culture in test tubes. Every isolate was grown in five test tubes, each containing 10 mL liquid medium and three plugs (diameter 5 mm) of a 2-week-old fungal colony grown on PDA. The liquid medium contained 1% glucose, 3% glycerol, 0.5% peptone and 0.2% NaCl [44] . The 7-day-old liquid culture was filtered using sterile filter paper (Whatman, grade 3) to remove the mycelium after which the filtrate was filter-sterilized with a 0.45 µm syringe filter unit (Millex). An equal amount of chloroform was added to the sterile filtrate and after shaking for 10 s, the filtrate was incubated for 1 h in the dark [12] . After incubation, the water phase was collected and discarded, leaving a pure chloroform extract. Further steps are described in Section 4.4.1.
Extraction from Plant Material
The plants were inoculated with ten S. oryzae isolates belonging to the three phylogenic groups using the standard grain inoculum technique as described above. At 6 DPI, samples were collected by
